Double bond migration of butene-2 to butene-1 over η-alumina was investigated. The effects of calcination temperature on catalytic properties were analyzed by applying BET surface area, XRD, NH 3 -TPD, and FT-IR of adsorbed pyridine techniques. The highest activity of the η-alumina catalyst calcined at 600 o C could be attributed not only to the highest amount of weak and medium strength acid sites, but also to the highest ratio of medium to weak strength Lewis acid sites.
Introduction
C 4 olefins are usually obtained as by-products during the production of ethylene in naphtha cracker. Gas feeds, especially ethane, are less costly than liquid feed, naphtha. Higher naphtha prices will lead the petrochemical industry to ethane cracking and potentially less C 4 olefin productions, and eventually to shortage of butenes. Demand for butene-1, however, has been growing rapidly based on its use as a comonomer in the production of linear low density polyethylene and of a monomer for polybutene.
1 If butene-2, currently used as a low-price fuel contained in C 4 raffinate is isomerized, high value-added butene-1 can be produced.
1,2
Although researchers have attempted to carry out the isomerization of butene-2 via double bond migration, the procedure has not been widely commercialized due to the fact that butene-2 is thermodynamically more stable than butene-1 at lower temperatures. [2] [3] [4] Because the most serious problems during the process of butene-2 positional isomerization at higher temperatures are the transformation of butene-2 to isobutene, oligomerization to heavy elements and cracking to light elements, it is necessary to investigate a selective reaction for the production of butene-1.
1, 5-10
The majority of research on olefin isomerization has featured γ-alumina. [11] [12] [13] Meanwhile, a few researchers have investigated η-alumina, which is inherently more acidic than γ-alumina.
14 In our previous work, we found that the yield of butene-1 over η-alumina catalyst was higher than that over γ-alumina catalyst.
15 Morterra and co-workers reported the presence of three Lewis acid sites associated with octahedral, tetrahedral-octahedral and tetrahedral cationic sites on η-alumina. 16 Lundie and co-workers demonstrated that the surface structure of η-alumina had four kinds of Lewis acid sites such as weak, medium-weak, medium-strong and strong Lewis acid sites.
14,17
Although it is well known that the high-temperature transition phases of alumina are less active than the lowtemperature ones, there are some ambiguities concerning the influence of pretreatment temperature on the catalytic behavior over η-alumina catalyst. Walker et al. 18 reported that increasing the calcination temperature of η-alumina in the range of 500-700 o C reduced the number of strong acid sites, although the number of medium strength sites increased. Because double bond isomerization of butene-1 can be facilitated by weak acid sites rather than strong acid sites, the change in the distribution and the population of the acid sites of η-alumina with respect to the calcinations temperature is expected to affect the catalytic activity of the reaction over the catalyst.
Hence, the objective of the present study is to select the optimal condition for preparation of η-alumina catalyst for the double bond migration isomerization that converts butene-2 to butene-1. The effects of calcination temperature on catalytic properties were analyzed through BET surface area, XRD, ammonia-temperature programmed desorption (NH 3 -TPD) and FT-IR of adsorbed pyridine.
Experimental η-Alumina was prepared by mixing 200 mol of distilled water and 1 mol of alumina tri-sec-butoxide (ASB). ASB was put into a beaker containing refrigerated water with stirring and was aged for a day. After filtering and drying in the oven, it was calcined at a fixed temperature for 4 h.
BET surface area of the catalyst was measured using an ASAP 2010 apparatus by Micromeritics. The crystallinity of the catalysts was examined by XRD analysis, which was carried out on a Rigaku D/MAX-II using Cu Kα radiation energy.
NH 3 -TPD was performed in a Bel-Cat TPD apparatus. 0.02 g of sample was placed in a quartz tubular reactor and pretreated in a helium flow, heated to 400 o C at 10 o C/min, and kept for 2 h. The sample was cooled to 100 o C, and ammonia pulse was injected. After the physisorbed ammonia was purged with helium, the temperature was ramped to 550 o C at a rate of 10 o C /min. FT-IR spectroscopy of adsorbed pyridine on the catalysts was done in a transmission IR cell. Self-supported wafers of the samples were subjected to a vacuum in the sample holder, followed by their activation at 350 o C for 1 h. Pyridine vapor was admitted at room temperature until the catalyst surface was saturated. Pyridine was then desorbed until a pressure of 10 -3 torr was reached. Infrared spectra were recorded using a Perkin-Elmer FT-IR PE2000 spectrometer fitted with an MCT detector.
The butene-2 (99.3%) with a ratio of 74(cis)/26(trans) was purchased from Aldrich. The butene-2 isomerization reaction was performed using 0.13 g of the catalyst in a fixed bed reactor. The reaction temperature, pressure and the weight hourly space velocity (WHSV) range were 450 , respectively. The product was analyzed using directly connected gas chromatography (Young Lin Acme 6000 GC). Table 1 19 On further increasing the calcination temperature up to 800 o C, a peak at 2θ value of 51.1 corresponding to θ-alumina was observed, 20 implying the phase transition from η-to θ-alumina started.
Results and Discussion
The effect of WHSV on double-bond migration of butene-2 over η-alumina catalyst calcined at 600 o C was investigated (Figure 2) . At the WHSV of 18 h −1 , the conversion of butene-2 was 23.5% and butene-1 selectivity was 95.0%. When the WHSV was increased to 70 h −1 , butene-2 conversion and butene-1 selectivity were not changed. A drastic decrease in butene-2 conversion was observed, however, when the WHSV was increased from 70 to 110 h −1 . Further increase of WHSV to 140 h −1 reduced the conversion of butene-2 to 10.6%, while the selectivity to butene-1 remained over 94.0%. Thermodynamic equilibrium of butene-2 isomerization was calculated. 4 The equilibrium mole of butene-1 at 450 however, the conversion decreased with space velocity. The yield of butene-1 (10.4%) at WHSV of 140 h −1 is far from its thermodynamic value. Because this observation suggests that there was a kinetically controlled reaction at higher WHSV, the catalytic performance of the catalysts in this study was investigated at WHSV of 140 h −1 thereafter. In addition, it was noted that butene-2 hardly reacted without catalyst under the reaction conditions: 450 o C, 1 atm. Figure 3 shows the yields and product selectivity of butene-2 isomerization at time-on-stream of 2 h using η-alumina catalysts calcined at various temperatures. It was found that butene-2 conversion was 10.2 and 10.4% at calcination temperatures of 500 and 600 o C, respectively. Conversion decreased with increasing calcination temperature above 700 o C and was only 4.2% at a calcination temperature of 800 o C. It was clearly shown that the selectivity of butene-1 remained over 90.0% and was not affected by calcination temperature in the temperature range studied. Because the surface areas of the η-alumina catalysts decreased drastically and monotonically with increasing calcination temperature in the range of 500-800 o C, as shown in Table 1 , the highest activity over the η-alumina catalyst calcined at 600 o C could not be explained by the surface area of the catalysts, therefore, we paid attention to the characteristics of surface acid sites over the catalysts.
NH 3 -TPD profiles and number of acid sites for five samples calcined at different temperatures are given in Figure 4 and Table 1 , respectively. NH 3 -TPD for the sample calcined at 500 o C consisted of a broad peak around 170 o C followed by an overlapping peak at 270 o C. These peaks could be assigned as weak and medium strength acid sites, respectively. For the sample calcined at 600 o C, the number of acid sites increased slightly. In addition the peak temperature of the medium strength acid site increased to around 280 o C. Further increase of calcination temperature to 800 o C resulted in a decrease of the number of acid sites, even though the peak temperature of the medium strength acid site increased to 310 o C. Consequently, the sample calcined at 600 o C showed the highest number of acid sites, well corresponding to the activity results. Figure 5 shows the FT-IR spectra of the pyridine adsorbed on the η-alumina calcined at 600 An increase in the desorption temperature seems to reduce the intensity of the band at 1592 cm -1 more drastically than that of the band at 1613 cm could be assigned to strong strength Lewis acid sites on tetrahedral aluminum vacancies, medium strength Lewis acid sites on tetrahedral aluminum vacancies and weak strength Lewis acid sites on octahedral aluminum, respectively.
14,16
In order to obtain the distribution of acid sites on the η-alumina with as a function of calcination temperature, IR spectra of pyridine adsorption at 150 o C were recorded ( Figure 6 ). For the η-alumina catalyst calcined at 400 o C, a band at 1592 cm -1 assigned to weak strength Lewis acidic sites was dominant in the range of 1630-1560 cm -1 . It is noticeable that the relative intensity of the band at 1613 cm -1 to that at 1592 cm -1 on the η-alumina catalyst calcined over 500 o C is much higher than that on that calcined at 400 o C. The intensity ratio of the band at 1613 cm -1 band to that at 1592 cm -1 was 0.76, 1.04, 1.10, 0.98, and 0.97 for the catalysts calcined at 400, 500, 600, 700 and 800 o C, respectively. It is apparent that the catalyst calcined at 600 o C has the highest ratio of medium strength Lewis acid sites on tetrahedral aluminum vacancies to weak strength Lewis acid sites on octahedral aluminum. Therefore, upon summarizing the results of ammonia TPD and IR spectra of pyridine adsorption, the highest activity of the η-alumina catalyst calcined at 600 o C can be attributed not only to the highest number of weak and medium strength acid sites, but also to the higher ratio of medium strength Lewis acid sites to weak strength Lewis acid sites.
Conclusion
Although the surface areas of the η-alumina catalysts decreased drastically and monotonically with increasing calcination temperature in the range of 500-800 o C, the η-alumina catalyst calcined at 600 o C showed the highest activity in double-bond migration of butene-2. The activity behavior can be explained by not only the highest number of weak and medium strength acid sites, but also to the optimum ratio of medium to weak strength Lewis acid sites, based on the NH 3 TPD and the FTIR of pyridine adsorption results. 
